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[Ukrainian ] 

INVESTIGATION  OF  NON-LINEAR  PHENOMENA  IN  SOLUTIONS  OF 
ORGANIC  DYES  AND  THE  CREATION  OF  HIGH-EFFICIENCY  LASERS 
WITH  FREQUENCY  TUNING  BASED  ON  THEM 

by 

M.  T.  Shpak,  Corresponding  Member  of  the  Academy 
of  Sciences  of  the  Ukrainian  SSR, 
e.  o.  Tikhonov,  Candidate  of  Physical- 
Mathematical  Sciences 

Lasers,  which  were  developed  about  ten  years  ago,  are  now 
widely  used  in  various  branches  of  science,  engineering  and  every- 
day human  activity.  There  is  a whole  series  of  scientific  and 
applied  problems,  e.g.,  nonlinear  optics  and  holography,  that  could 
not  be  worked  out  (generally  speaking)  without  the  use  of  lasers. 

In  solving  various  scientific  and  practical  problems,  a need 
often  arises  to  change  the  frequency  of  laser  radiation.  In  the 
wavelength  interval  from  0.2  to  1.2  microns  direct  setting  of  fre- 
quencies for  laser  radiation  can  be  achieved  quite  easily  by  using 
solutions  of  complex  organic  compounds,  especially  dyes  of  different 
types,  as  the  active  medium. 

A.P.  Ivanov  (Institute  of  Physics  of  the  Academy  of  Sciences 
of  the  Byelorussian  SSR)  first  noted  the  possibility  of  light  am- 
plification by  complex  organic  molecules  as  early  as  1960,  i.e., 
before  the  appearance  of  the  first  lasers  [1].  Two  years  later  the 
Kievite  physicists  V.L.  Broude,  V.S.  Mashkevich  and  A.F.  Prikhot'ko 
proposed  the  use  of  molecular  crystals  of  organic  compounds  as  the 
active  medium  [2]. 

In  the  early  1960's  several  theoretical  papers  dealing  with 
the  use  of  singlet-singlet  transfers  of  complex  molecules  were  pub- 
lished. Dealt  with  as  well  were  similar  systems  based  on  transi- 
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f tion  metals  in  crystalline  matrices  for  obtaining  stimulated  emis- 

i sion  [ 3, 4 , 5, 6] . 

i 

A group  of  Byelorussian  physicists  under  the  direction  of 
B.I.  Stepanov  [7]  conducted  a more  detailed  theoretical  investi- 
[ gation  of  the  processes  of  induced  fluorescence  in  solutions  of 

complex  organic  molecules  between  1964  and  1966. 


In  1966  the  American  physicists  P.P.  Sorokin  and  G.R.  Lankard 
first  obtained  generation  in  a solution  of  chloraluminum  phthalo- 
cyanin® in  ethyl  alcohol,  using  giant  pulses  of  nanosecond  duration 
generated  by  a ruby  laser  for  optical  excitation  [8]. 

In  our  country,  the  first  papers  describing  active  dye  lasers 
appeared  in  1967  [9,10]. 

We  shall  examine  the  principal  characteristics  of  lasers 
in  which  molecular  solutions  of  organic  dyes  are  used  as  the  ac- 
tive medium. 

In  a system  of  luminescence  centers  with  narrow  energy  levels, 
an  inverse  population  only  arises  in  those  situations  where  no  less 
than  three  levels  take  part  in  the  induced  process.  In  the  given 
case  of  a two  level  system,  gongaVion  is  only  possible  when  the  ener- 

(J,i<  a > * • 0 ri+ nvii  w ‘ 

gy  levels  are  broadened  and  are/yelectron-vibration  bands. 

Fig.  1 depicts  a phenomenological  diagram  of  the  levels  in  a 
complex  molecule. 

Fig.  1.  Phenomenonological  diagram  of  electron- 
vibration  states  in  a complex  organic  molecule: 

S - singlet  state,  T - triplet  state,  - pro- 
bability of  absorption,  kgg,  k^g  - rate  of 
emitting  and  non-emitting  deactivation  of  the 
singlet  and  triplet  states,  respectively,  - 
probability  of  induced  radiation,  kg^  - rate 
of  intercombination. 
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In  the  case  of  balanced  distribution  of  particles  in  the  vi- 
bration sublevels  of  the  singlet  electron-vibration  states  1 and 
2 (Fig.  1)^  the  amplification  factor  at  frequency  v,  which  corres- 
ponds to  the  induced  transfers  between  these  states,  in  4^  simp- 
lest case  has  the  form: 


tM, 

/V,  1 

f - ]■) 

-N  exp| 

^ /J 

(1) 


where  N2  are  the  populations  of  the  upper  and  lower  active 

levels,  N = + N2  is  the  number  of  luminescence  centers  per  unit 

volume,  is  the  frequency  of  purely  electron  transfer,  kT  is 

the  product  of  the  Boltzmann  constant  for  absolute  temperature.  It 
follows  from  (1)  that  the  following  inequality  is  the  condition 
for  the  appearance  of  amplification: 


(2) 


Analysis  of  this  inequality  shows  that  for  frequencies  v > 
it  is  satisfied  only  with  an  inverse  population  of  states  1 and  2; 
for  frequencies  v < amplification  will  also  arise  when  N2  < N^, 

since  the  larger  the  interval  v,  the  lower  the  value  N2/N^  will 

be  at  which  amplification  will  occur.  The  transfer  of  molecules 
to  the  triplet  state  and  the  absorption  of  light  by  triplet  and  ex- 
cited singlet  states  S2->  S^,  T^-*-  T^  also  has  a significant  effect 
on  the  amount  of  amplification  (see  Fig.  1). 

1^1 0.  > 

The  second  important  generation  parameter  - the  threshold  in- 
tensity of  excitation  I^j^^  - can  be  determined  from  the  relationship: 

N.,  a 

V-  T,  /|^  ^ ^ p 
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(3) 


where  a = exp[-( 


V 1 - V » 

el  3, 


-)  ] , is  the  frequency  of  excitation,  Av  is 
the  half-width  of  the  fluorescence  [emission]  band,  v is  the  rate  of 


i 
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From  Eq.  (3)  it  is  apparent  that  the  threshold  intensity  of 
excitation  is  proportional  to  the  half-width  of  the  fluorescence 
band  of  the  solution  and  inversely  proportional  to  the  quantum  ef- 
ficiency and  the  value  of  the  Stokes'  shift  for  the  maxima  of  the 
absorption  and  emission  bands. 

Eq.  (3)  is  only  correct  in  cases  of  small  optical  densities 
d = 0. 434Na^2  ^ ^ where  IL  is  the  length  of  the  active  medium. 

In  practice,  optically  dense  solutions  (d  = 4-6)  are  used,  and 
for  this  reason  the  generation  threshold  of  solutions  of  organic 
dyes  depends  on  the  concentration  of  molecules  in  the  solution.  The 
relationship  between  the  lifetime  of  the  excited  state,  the  time 
for  two-way  wave  transfer  in  the  resonator,  the  duration  of  the 
optical  excitation  pulse,  as  well  as  the  geometry  of  the  system  for 
optical  excitation  of  the  active  medium  have  a significant  influence 
on  the  generation  threshold. 

Thus,  the  coefficient  of  transformation  of  excitation  energy 
into  energy  of  induced  radiation  for  a dye  solution  is  higher,  the 
greater  the  quantum  effiency  of  fluorescence,  the  less  the  overlap- 
ping  of  the  absorption  and  fluorescence  bands,  the  higher  the  homo- 
ganai'ty  of  the  excited  amount  of  dye,  and  the  shorter  the  laser's 
resonator  are. 

The  width  of  the  spectra  of  generation  in  dye  solutions  reaches 
100-200  cm  ^ as  a result  of  various  unstable  processes,  but  owing  to 

Cif 

the  homogonoous  broadening  of  the  band,  amplification  can  be  effec- 
tively reduced  if  some  type  of  narrow-band  optical  filter  is  inserted 
into  the  resonator  (interferometer,  diffraction  grating,  prism,  etc.). 

Investigations  into  laser  physics  involving  solutions  of  orga- 
nic dyes  were  begun  at  the  Institute  of  Physics  of  the  Academy  of 
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Sciences  of  the  Ukrainian  SSR  in  1966.  They  were  based  on  studies 
ftp  0- factor 

f gOHi  passive  modulators  of  high  qua4.ity  in  solutions  of  dyes. 

The  principal  aim  of  the  investigations  was  to  create  a uni- 
fied picture  of  the  processes  that  occur  in  solutions  of  complex 
organic  molecules  under  the  influence  of  an  intensive  stream  of 
coherent,  monochromatic  light,  and  to  develop,  as  the  end  result, 
new,  highly  efficient  active  media,  needed  for  lasers  with  frequen- 
cy tuning. 

The  work  was  performed  jointly  with  the  Institute  of  Organic 
Chemistry  of  the  Academy  of  Sciences  of  the  Ukrainian  SSR,  which 
provided  various  types  of  cyanine  dyes,  including  some  unique  ones, 
for  the  experiments.  Fig.  2 shows  the  structural  formula  and  depen- 
dence of  the  absorption  band  maximum  on  the  number  of  conjugated 
bonds  for  one  of  the  dye  types,  which  is  characterized  by  consider- 
able quantum  efficiency. 
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Fig.  2.  Homologous  series  of  a 
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Among  the  cyanine  dyes^ there  are  samples  that  are  distinguished 
by  stability  against  photochemical  transformations  and  by  a rather 
high  quantum  efficiency  of  luminescence  when  the  Stokes'  shift  is 
quite  large.  Our  studies  revealed  that  of  the  currently  available 
dyes  that  generate  following  excitation  by  single  pulses  from  a ruby 
laser  in  the  near  infrared  region,  the  cyanine  dyes  meet  the  require- 
ments of  an  optimum  active  medium  most  fully. 

The  principal  results  of  our  investigations  were  set  forth  in 
[10-18] . 
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As  a result  of  studies  with  Q-factor  self-modulation  (passive 
modulation) , a new,  efficient  system  for  Q-factor  modulation  of  ruby 
lasers  was  proposed,  which  operates  in  the  condition  of  phased  and 
random  modes  (Fig.  3a,  b) . 


Fig.  3.  Optical  diagram  of  a solid-state 

laser  with  generation:  a - of  nanosecond 

giant  pulses;  b - of  picosecond  giant  pulses; 

c - diagram  with  Q-factor  modulation,  which 

is  based  on  the  phenomenon  of  Brillouin 

scattering  of  light.  / 


Phasing  of  laser  modes  results  in  the  generation  of  picosecond 
pulses  with  a peak  power  at  a hundred  megawatts.  Self-phasing 
of  modes  in  lasers  can  only  be  achieved  based  on  the  rapidly  re- 
laxing solutions  of  dyes,  whose  brightening  effect  is  caused  by 
the  population  of  the  first  excited  singlet  state.  As  a rule,  this  i* 

*t 

condition  is  met  by  the  majority  of  ethanol  solutions  of  cyanine  f 

dyes  that  are  in  equilibrium  with  the  oxygen  in  the  air.  i' 

We  are  now  engaged  in  studies  using  picosecond  pulses  to  detect 

* • 1 Tl  ‘J  * ►^£l  ' ‘ ' 

phenomena  associated  with  disturbances  of  equilibrium  in  ■genoraring  ' ] 

; i 

systems.  'j 

ii. 

Another  method  of  Q-factor  modulation  proposed  by  us  is  based 
on  the  phenomenon  of  induced  Brillouin  scattering  (scattering  of 
light  at  hypersonic  vibrations  of  the  medium's  density).  Fig.  3c 
depicts  a diagram  of  a solid-state  laser  with  Q-factor  modulation 
using  this  method.  Liquids  with  a relatively  low  threshold  of  in- 
duced Brillouin  scattering  (CS2,  H2O,  etc.)  were  used  here  as  the 
modulating  system. 

Normal  scattering  at  hypersonic  vibrations,  excited  as  a result 
of  electrostriction,  leads  to  a shift  in  the  generation  line  by  about 
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0.2  cm  ^ for  each  two-way  passage  of  light  in  the  resonator.  After 
a small  shift  even  during  repeated  scattering,  the  generated  frequen- 
cy remains  within  the  contour  of  amplification  of  the  active  medium 
(ruby,  neodymium  glass) . Excitation  of  induced  scattering,  which  is 
characterized  by  asymmetry  in  the  normal  direction  up  to  90-95%,  is 
equivalent  to  instantaneous  increase  in  the  Q-f actor  of  the  resonator. 
In  the  proposed  method,  modulation  of  the  Q-f actor  does  not  depend 
on  the  frequency  of  generation,  and  the  modulator  itself  does  not 
undergo  photochemical  decomposition. 

The  compounds  studied  in  solution  had  a single  photon  singlet- 
singlet  transfer  permitted  in  absorption,  distributed  in  the  region 
of  the  ruby  laser's  radiation  frequency,  but  essentially  different 
from  one  another  by  an  entire  series  of  different  spectral  and  energy 
parameters . 

Experimental  and  theoretical  investigations  of  nonlinear  ab- 
sorption of  nanosecond  light  pulses  from  a ruby  laser  by  solutions 
of  organic  dyes  and  radicals  of  several  chemical  types  led  to  the 
establishment  of  a series  of  important  regularities.  The  compounds 
in  solution  that  we  studied  permitted  a single-photon  singlet-singlet 

t 

transfer  in  absorption,  distributed  in  the  region  of  the  ruby  laser's 
radiation  frequency,  but  they  were  distinguished  from  each  other  by 
a whole  series  of  /different  spectral  and  energy  parameters. 

With  a time  of  adiabatic  relaxation  of  complex  molecules  in 

-12  -13 

solution  on  the  order  of  10  - 10  sec  and  with  nanosecond 

excitation  durations,  nonlinear  absorption  is  non-coherent . 

Measurement  of  the  coefficients  of  nonlinear  absorption  of  so- 
lutions at  the  frequency  of  radiation  from  a ruby  laser  v as  a func- 
tion of  incident  intensity  has  led  to  the  establishment  of  the  fol- 
lowing characteristic  relationships: 


a) 

dk  (v) 
dl(v) 

< 

0 

(Fig. 

4, 

curves  2, 5, 6, 7) 

b) 

dk(v) 

dl(v) 

> 

0 

(Fig. 

4, 

curves  4,9), 

c) 

dk  (v) 
dl(v) 

0 

(Fig. 

4, 

curve  8 ) , 

d) 

dk(v) 
dl  (v) 

< 

> 

0 

(Fig. 

4, 

curves  1,3). 

Relationship  4a  denotes  optical  brightening  and  is  characteristic 

for  media  that  do  not  have  singlet-singlet  absorption  at  a frequency 

- T - 


Fig.  4.  Curves  of  nonlinear 
absorption  of  dyes  at  the  ex 
citation  frequency. 
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of  2v.  For  solutions  of  dyes  with  allowed  transfers  at  the  doubled 
frequency  of  excitation,  optical  darkening  (case  4b)  or  optical 
neutrality  (case  4c)  in  the  wide  interval  of  changes  in  the  inten- 
sity of  excited  light  are  observed. 

Quantitative  analysis  of  the  experimentally  observed  relation- 
ships was  performed  within  the  framework  of  a method  of  balancing 
equations  for  hemogenoottaly  broadened  electron  vibration  states, 
typical  for  complex  organic  molecules. 

Comparison  of  the  analytical  expressions  for  k(v)  = f(I)  with 
the  corresponding  experimental  curves  (Fig.  4)  enabled  us  to  deter- 
mine a series  of  spectroscopic  parameters  of  the  molecules  of  dyes 
in  solutions.  Thus,  for  case  3a, the  relationship  kg,j,/k,pg  is  deter- 
mined (kg,j,  and  k^g  correspond  to  the  rate  of  singlet-triplet  conver- 
sion and  decomposition  of  the  triplet  state) ; for  solutions  of  dyes 
with  a small  value  of  kg,^,,  when  transfers  in  the  system  of  triplet 
states  can  be  ignored,  a cross  section  of  transfers  from  the  excited 
singlet  states  is  detSermined  (see  Fig.  1)  . 

Solutions  of  dyes  that  have  the  properties  (a,b,c,d)  can  be 
used  for  various  practical  purposes,  viz.,  1)  for  passive  Q-f actor 
modulation  of  lasers,  2)  for  the  development  of  instruments  that 
provide  protection  from  powerful  light  radiation,  3)  for  the  develop- 
ment of  neutral  (with  respect  to  powerful  light  radiation)  filters, 

4)  for  power  stabilization  of  laser  radiation. 

An  entire  series  of  experiments  was  conducted  in  order  to  study 
the  conditions  for  obtaining  high  coefficients  radiation  transfor- 


mation  for  the  excitation  energy  in  the  generated  radiation. 


Within  the  above-mentioned  method  of  balancing  equations, 
the  expected  values  for  the  amplification  factors  in  singlet-sing- 


let and  triplet-singlet  transfers,  characteristic  for  molecules 
of  organic  dyes,  were  analyzed. 

I 

Under  conditions  of  stable  excitation^ the  ratio  of  populations 
of  excited  singlet  and  triplet  states  equals  the  value  k^g/kg^,  and  i 

is  almost  always  less  than  one.  However,  owing  to  the  difference  j 

by  several  orders  of  magnitude  of  oscillators  of  the  singlet-singlet  I 

and  triplet-singlet  transfers  in  complex  organic  molecules,  this 
circumstance  cannot  be  used  to  amplify  generation  in  the  triplet- 
singlet  transfer.  I 

i 

During  unstable  excitation,  the  ratio  of  populations  of  singlet  i 

and  triplet  states  can  be  considerably  larger  than  one,  and  the 
conditions  for  amplification  and  generation  become  favorable  for 
singlet-singlet  transfers  even  when  the  value  of  kg,p/k,pg  is  large. 

For  solutions  of  dyes  with  a small  value  of  k,p/k,pg,  amplification 
and  generation  can  also  be  achieved  with  stable  populations. 

An  experimental  check  of  some  of  these  conclusions  was  carried 
out  on  a group  of  solutions  of  organic  dyes,  excited  by  successive 
pulses  from  a ruby  laser,  operating  in  the  free  generation  mode.  A 
comparison  of  the  bending sequence  of  the  solution's  generation  pulses 
and  the  bending  [sequence]  of  the  excitation  pulses  confirms  the 
conclusion  regarding  the  presence  of  an  amplification  maximum  during 
the  transfer  process.  . 

Investigations  of  the  generation  mode  of  radiation  have  shown 

•4  he 

that^^spectral  position  of  the  average  frequency  of  generation  is  a 
function  of  the  optical  density  of  the  active  medium  (the  number  of  , 

centers  in  the  genoga^ing  volume)  and  the  amount  of  neutral  [non- 
selective]  losses.  This  phenomenon  is  caused  by  the  frequency  depen- 


dence  of  the  amplification  curve  maximum  on  the  relative  popula- 
tion of  functional  states  and  can  be  used  for  smooth  changes  in 
the  laser's  frequency  (with  insignificant  population  of  the  singlet 
excited  state^the  amplification  maximum  is  situated  in  the  long 
wavelength  tail  of  the  fluorecence  band;  with  complete  inversion^ 
it  coincides  with  the  maximum  of  the  fluorescence  band) . The 
shift  in  the  amplification  band  maximum  as  a function  of  the  spectral 
poistion  of  the  excitation  line  within  the  absorption  band  ex- 
hibits the  same  characteristics. 


Nonlinear  absorption  of  the  active  medium  exerts  considerable 
influence  on  the  operation  of  dye  lasers  excited  by  intense  sources 
of  directed  radiation.  Calculation  shows  that  there  is  an  optimum 
value  for  the  optical  density  of  an  active  medium,  which  equals: 


I-  ^-1  exp 

(•1) 

where  a('^3)  is  the  nonlinearity  at  the  excitation  frequency  for  a 
dye  with  a real  intermediate  triplet  level,  iCv^)  is  the  threshold 
intensity  of  excitation,  Tq  is  the  radiation  lifetime  of  the  singlet 


state . 


The  experimental  value  ^opt^^S^  majority  of  cyanine 

dyes  lies  between  4 and  6,  if  the  Stokes'  shift  for  the  excitation 
frequency  does  not  greatly  exceed  1000  cm  Using  relationship 
(4)  and  the  experimental  dependence  on  the  optical  density  of  the 
active  medium,  it  is  possible  to  determine  independently  the  non- 
linearity of  the  active  medium. 

To  develop  high-efficiency  dye  lasers,  the  optim.um  parameters 
of  the  active  medium,  excitation  and  the  resonators  were  found. 


It  has  been  shown  experimentally  that  the  energy  efficiency 
®aexa±j.on  for  dye  solutions  increases  the  most  with  an  increase 
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in  the  quantum  efficiency  from  1 to  50%  and  that  it  depends  on  the 

length  of  the  resonator  to  a large  degree.  The  latter  is  associated 

with  the  fact  that,  for  pulse  lasers,  the  losses  associated  withy^the 

total  time  for  formation  of  a stable  field  in  the  resonator  and  the 

a,J 

lifetime  of  the  excited  singlet  state  of  dye  moleculeSy( with  the  du- 
ration of  the  excitation  pulse,  are  significant. 


j 


Optimization  of  the  optical  arrangement  for  excitation  will 

U*‘\  ■ ^ Of  ty\  \ 

result  in  the  achievement  of  a homogeneeusly  excited  volume  of  ac- 
tive medium.  Owing  to  the  non-uniformity  in  intensity  distribution 

of  beams  from  a solid-state  laser,  the  greatest  uniformity  of  ex- 

nf 

citation  in  a dye  solution  is  attained  along  the  direction^^ broadening 
of  excitation.  At  angles  greater  than  5°  between  the  direction  of 
excitation  and  gemerateron  beams,  losses  increase  rapidly  and  the 
energy  efficiency  of  generation  diminishes. 


Thorough  investigation  of  a number  of  arrangements  for  optical 
excitation  and  resonator  configurations  has  led  to  the  development 
of  systems  that  enable  us  to  attain  coef f iciencts  of  transformation 
on  the  order  of  50-60%  with  an  output  power  on  the  order  of  10-20 
MW  (Fig.  5).  It  was  demonstrated,  in  particular,  that  the  so-called 
transverse  method  of  excitation  of  organic  dye  lasers,  which  is 
often  used  in  practice,  is  of  low  efficiency. 


Fig.  5.  Optical  diagram  of  resonator  con- 
figurations for  organic  dye  lasers.  In 
diagram-s  1 and  4,  an  efficiency  of  50-60% 
is  achieved;  in  diagrams  2 and  3,  the  ef- 
ficiency is  less  than  20%  owing  to  the 
increased  length  of  the  resonator  base  (dia- 
gram 2)  and  the  reduced  uniformity  in  ex- 
citation of  the  active  medium  (diagram  3). 
Numbering  of  the  diagrams  is  from  top  to 
bottom. 


The  results  shown  have  become  the  basis  for  development  of  the 
high-efficiency  "Infra"  series  of  organic  dye  lasers  with  a tuned 


1 
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gerKar-a-Wi-on  frequency. 

Lasers  of  this  system  are  excited  by  commercially  produced 
ruby  lasers  with  Q-factor  modulation  without  mode  phasing  and  they 
ensure  a continuous  spectrum  of  generated  frequencies  in  the  7100- 
10000  A region  with  a radiation  bandwidth  close  to  1 A and  a beam 
deviation  on  the  order  of  3-5  mrad,  that  is,  the  same  as  that  of  the 
ruby  laser. 

During  the  interaction  of  laser  radiation  with  solutions  of 
organic  dyes,  a number  of  interesting  physical  phenomena  are  ob- 
served, which  we  detected  first. 


In  active  media  based  on  solutions  of  organic  dyes  with  high 
quantum  efficiency,  pulse  amplification  exceeding  tens  of  cm  ^ is 
easy  to  achieve.  In  this  case^ induced  radiation  of  a continuous 
mode  spectrum  is  possible  - superluminescence. 


Superluminescence  develops  as  a result  of  amplification  of 
the  ordinary  luminescence  of  an  active  medium  in  a system  without  a 
reverse  connection  (lack  of  mirrors)  for  calculating  the  induced 
radiation.  In  contrast  to  generation,  superluminescence  is  charac- 
terized by  a continuous  spectrum  of  modes  and  by  exponential  depen- 
dence of  the  increase  in  intensity  (Fig.  6).  A study  of  superlumi- 
nescence permits  us  to  observe  the  development  of  the  radiation  spec- 
trum during  a change  in  intensity  of  the  excited  light,  and  the  na- 
ture of  the  changes  in  the  radiation  contour  during  superluminescence 
enables  us  to  reach  some  conclusions  regarding  the  high  degree  of 
spectral  uniformity  in  the  amplification  band  of  dye  solutions. 

Fig.  6.  Diagram  of  the  experiment  and 
curve  of  superluminescence  intensity  (1), 
and  generation  intensity  (2)  versus  pum- 
ping intensity.  BB  - black  body  for  eli- 
minating the  reverse  connection. 
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The  use  of  intense,  monochromatic  radiation  for  excitation 
of  solutions  of  organic  dyes  results  in  amplification  of  the  lines 
of  Raman  scattering  in  the  solution,  which  are  found  in  the  ampli- 
fication or  generation  band  of  the  dye.  In  the  first  situation 
that  was  mentioned,  generation  of  radiation  in  a complex  system  - 
having  a common  resonator,  via  a connection  along  the  electromag- 
netic field,  occurs  at  the  frequency  of  maximum  amplification  for 
the  entire  system: 

. A,(v)l-.0.  (5) 

where  kj^(v)  is  the  amplification  coefficient  for  the  excited  dye 
molecules  and  k2(v)  is  the  amplification  coefficient  for  the  proces- 
se""  of  induced  Raman  scattering. 

In  the  second  situation,  an  increase  in  the  probability  of 
scattering  occurs  according  to  the  expression: 

(6) 

where  are  the  coefficients  for  the  processes  of  spontaneous 

and  induced  scattering,  n,k  are  the  subscripts  of  the  initial  and 
final  vibration  states  of  a single  electron  level,  I ( v-v^^)  , I ( v ) are 
the  intensity  of  radiation  at  the  Raman  scattering  frequency  and 
the  intensity  of  excitation. 

Analogous  principles  of  amplification  were  established  on  the 
basis  of  experimental  investigations  of  the  lines  of  the  resonance 
Raman  effect  induced  by  molecules  of  dye. 

When  the  band  of  induced  fluorescence  and  the  resonance  Raman 
effect  lines  coincided,  we  succeeded  in  observing  the  latter  in  the 
induced  process. 

Under  the  conditions  of  the  experiments  conducted  to  observe 
induced  resonance  Raman  scattering,  it  is  possible  to  compare  the 


the  populations  of  the  fundamental  and  excited  singlet  and  triplet 
states,  and  as  a result  of  this,  to  obtain^ in  principle,  the  Raman 
scattering  line  that  characterizes  a vibration  spectrum  in  the  ex- 
cited state.  We  are  now  engaged  in  work  along  these  lines.  The 
described  principle  of  amplification  can  be  used  for  detecting 
relatively  weak  lines  of  induced  Raman  scattering  and  for  developing 
narrow-band  (generation  bandwidth  on  the  order  of  1 cm  high-ef- 
ficiency lasers. 

We  first  detected  and  studied  induced  resonance  Rayleigh 
scattering  of  light  by  solutions  of  organic  dyes.  As  the  experi- 
ment shows,  the  spectrum  of  light  scattering  is  composed  of  a 
band  that,  in  terms  of  polarization  and  frequency  (to  within  about 
0.02  cm  ^) , coincides  with  the  excitation  band  and  thus  can  be  iden- 
tified with  the  central  component  of  the  Rayleigh  triplet.  Based 
on  experimental  data  we  concluded  that  the  integral  intensity  of 
scattering  is  governed  by  two  processes:  thermal  Rayleigh  scat- 
tering and  Rayleigh  scattering  in  degenerate  vibration  sublevels 
of  the  fundamental  state.  It  is  expected  that  thermal  Rayleigh 
scattering  is  caused  by  the  structure  created  by  the  dye  molecule 
and  by  its  solvate  film  of  solvent  molecules.  The  dielectric  per- 
meability of  this  structure  differs  from  the  average  dielectric 
permeability  of  the  medium  by  the  value  AE  = (SE/ST)^  AT,  until 
thermal  equilibrium  with  the  surrounding  medium  is  reached. 

The  main  results  of  the  experiments  conducted  can  be  briefly 
set  forth  thus. 


The  mechanism  of  amplification  and  generation  of  light  by 
solutions  of  complex  organic  molecules  was  studied  theoretically 
and  experimentally,  and  the  optimum  conditions  for  the  development  of 
a generating  process  in  the  singlet-singlet  electron  vibration  trans- 
fers of  these  molecules  was  found;  first,  a series  of  induced  reso- 
nance nonlinear  effects  in  solutions  of  organic  dyes  was  detected  and 
studied:  superluminescence , resonance  induced  Rayleigh  and  Raman 
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scattering,  the  effect  of  a solvent  with  intense  Raman  scattering 
bands  on^the  process  and  the  generation  spectrum.  High-efficiency 
organic  dyes  were  found  and  studied  that  enable  us  to  achieve 
generation  with  continuous  tuning  of  the  frequency  in  the  visible 
and  near  infrared  region  of  wavelengths  when  the  composition  of 
the  active  molecules^^  their  concentration  in  the  solutions  is  changed, 
and  by  using  selective  elements  in  the  resonator. 

We  recently  investigated  the  possibility  of  using  complex 
organic  compounds  in  the  crystalline  phase  for  generating  [lasing] 
the  second  harmonic  of  ruby  and  neodymium  lasers. 

Measurement  of  the  second  harmonic  of  a neodymium  laser,  which 
is  based  on  crystalline  powders  of  dyes  from  the  majority  of  exis- 
ting chemical  classes,  has  shown  that  an  intensive  harmonic  is  gene- 
rated by  the  triphenylmethanes,  diphenylmethane  anthraquinones, 
and  some  of  the  cyanine  dyes.  The  efficiency  of  generation  of  the 
second  harmonic  for  the  better  samples  is  either  comparable  to  or 
exceeds  the  efficiency  of  generation  by  lithium  niobate  powder  (see 
table) . 


[TABLE] 


Relative  i'nten- 

Rel.  inten- 

sity  of  2nd  har- 

sity  of 

monic 

2nd  har- 

\ 

1 

refer- 

monic  re- 

j 

red  to 

ferred  to 

LiNbO^ 

LiNbO^ 

Compound 

powder 

Compound 

powder 

3 , 4-AS-benzanthracene* 

TTT' 

'V/0 . 05 

2- (p-dimethylaminostyrol) 

— 

benzophenone 

0.1 

quinoline 

0.5 

xJlanthone 

0.1 

benzoylquinaldine 

0.2 

1-methoxyanthraquinone 

0.1 

urotropine 

0.1 

; 1-dihydroxyanthraquinone** 

0.5 

m-nitrobenzaldehyde 

0.5 

j benzanthrone 

0.4 

resorcinol 

0.2 

! 3-methoxybenzanthrone 

0.1 

methyl  green 

0.1 

1 3-bromobenzanthrone 

1.0 

j malachite  green 

0.5 

1 3-nitrocarbazole 

^-0.05 

1 brilliant  green 

0.5 

1 nitrostyrolquinoline 

0.5 

! quinidine  sulfate 

^-0.05 

i 

L- 

1 cane  sugar 

vO.  05 

\ vw 
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Owing  to  the  practical  solution  of  the  problem  of  growing 
large,  perfect  monocrystals  of  complex  organic  compounds,  resear- 
chers are  obtaining  a large  group  of  new  materials  with  easily 
detectable  nonlinear  optical  properties. 

Investigations  involving  the  physics  of  lasers  in  solutions 
of  complex  organic  molecules  are  now  being  intensively  conducted 
in  may^ countries . 

It  is  possible  to  predict  that  organic  dye  lasers  will  be  widely 
used  in  various  branches  of  the  national  economy  in  the  near  future. 

Lasers  with  tuned  frequency,  above  all,  are  high-aperture  spectral 
instruments  that  enable  us  to  investigate  ultraviolet  and  infrared 
spectra  in  the  visible  region  of  wavelengths  with  the  help  of  non- 
linear systems.  These  lasers  can  also  be  used  to  study  the  proper- 
ties of  substances  with  large  concentrations  of  excited  states  in 
them,  for  studying  the  nature  and  dynamics  of  chemical  reactions, 
and  for  selective  destruction  of  genes  which  is  important  for  future 
problems  in  "controlled  genetics". 

Lasers  can  be  used  to  measure  the  altitude  and  composition  of 
clouds,  to  detect  smoke,  fog,  turbulent  streams  in  the  air,  for  space 
communication  in  "transparent  windows"  of  the  atmosphere. 

Range  finders  in  organic  lasers  can  be  equipped  with  receivers 
that  are  1-2  orders  of  magnitude  more  sensitive  than  those  that  are 
now  in  use  in  neodymium  and  ruby  lasers. 

The  absorptive  capacity  of  tissues  in  a living  organism  depends 
on  the  frequency  of  the  incident  light,  and  for  this  reason  lasers 
with  tuned  frequency  can  be  used  to  effectively  cut  various  tumors 
without  damaging  the  area  surrounding  them,  i.e.,  for  laser  surgery. 

These  are  only  some  of  the  posssible  applications  of  lasers  with 
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tuned  frequency  in  solutions  of  organic  dyes,  which  are  already 
a reality. 
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